Purpose The affect of anterior cruciate ligament (ACL) integrity on the early postoperative stability of a collagen type-I gel scaffold was investigated. The value of fibrin glue for graft fixation in ACL deficient porcine knees over a simulated early postoperative period was also studied. Methods Full-thickness articular cartilage defects (11×6 mm) were created on the medial femoral condyle of 80 porcine knees. The ACL was left intact or completely transected in each of 40 knees. Gel plugs were tested in each group: press-fitting only in 20 specimens and press-fitting plus fibrin glue in 20 specimens. Each knee underwent 2,000 cycles in a validated ex-vivo continuous passive motion model.
Introduction
Anterior cruciate ligament (ACL) rupture is one of the most common sports injuries [1] and leads to dramatically altered knee joint kinematics [2, 3] . These findings have led both clinicians and researchers to advocate ACL reconstruction.
The avascular nature of articular cartilage limits its capacity for self-repair [4] . Various surgical approaches have been used to care for patients with cartilage lesions, including debridement [5] , microfracture [6] , osteochondral transfer [7] , and matrix-induced autologous chondrocyte implantation (MACI) [8] . However, only osteochondral transfer and MACI are able to generate hyaline-like repair [7, 9] .
In clinical practice, cartilage regenerative techniques are only recommended in stable knee joints to protect the graft from shear forces and early failure [9, 10] . Partially or completely delaminated tissue engineered constructions can cause locking in the knee and subsequently poor clinical results [9, 11] . In the case of a cartilage lesion in an ACL deficient knee, a combination of ACL reconstruction and MACI in a staged procedure is an option. First, a small biopsy of articular cartilage is taken from a non-weightbearing area of the knee and sent to a lab to be processed. In a second stage, ACL reconstruction is carried out simultaneously with MACI. However, even after ACL reconstruction, the fate of the graft remains unclear because degenerative changes to knees have been reported, whether the ACL has been reconstructed or not [12, 13] . Furthermore, ACL deficiency does not always infer functional impairment and instability as confirmed by the ACL-deficient coper [14] . Despite many studies on the biomechanics of the ACL deficient knee [15, 16] , the effect of ACL deficiency on early postoperative stability of tissue engineered scaffolds has not been reported in the literature.
The purpose of this pilot study was two-fold. First, the affect of ACL integrity on the early postoperative stability of a collagen type-I gel scaffold was investigated. This important information could potentially facilitate surgeons' decisions on whether to proceed with cartilage repair procedures in ACL deficient knees. The hypothesis was that scaffolds in porcine specimens with an intact ACL show higher early postoperative stability compared with ACL deficient knees. Second, the value of fibrin glue in this scenario was evaluated. The hypothesis was that gels fixed with fibrin glue would prove to be more stable and experience less wear.
Material and methods
A custom-made, pneumatic ex-vivo continuous passive motion (CPM) device similar to the one developed for previous studies was used [17, 18] . Porcine specimens, surgical procedures and graft evaluation were identical to those in previous studies [17, 18] .
Specimens
Fresh frozen (-25°C) porcine knees (aged nine months) were thawed for 16 hours at room temperature (20°C) overnight. Right and left knees were used [19] . Eighty porcine knees were used for testing. The specimens were divided into two groups of 40 specimens: (1) intact ACL, and (2) completely transected ACL. The stability of the stifle joints was examined before testing, as carried out in clinical settings. In each group, gel plugs were tested in 20 specimens with press-fitting only and in 20 specimens with pressfitting plus fibrin glue. To evaluate the effect of the integrity of the ACL on graft stability, group 1 was compared to group 2. To assess the value of fibrin glue on the stability of the grafts in ACL-deficient knees, press-fitting only and press-fitting plus fibrin glue were compared.
Acellular collagen type-I gel
The three-dimensional cell-free gel plugs (CaRes-1S®, Arthro Kinetics, Krems/Donau, Austria) consisted of 4.8 mg/mL collagen type-I from the tails of rats. The plugs used in this study measured 11 mm in diameter and 6 mm in depth. They were stored in phosphate-buffered saline solution and preserved at 4°C until use. This collagen gel is in clinical use as a cell carrier for MACI [20] .
Creation of chondral lesions
The femur and tibia were osteotomised approximately 10 cm from the joint line. Through a medial parapatellar arthrotomy the cartilage of the medial femoral condyle was exposed and a standardised full-thickness chondral lesion (diameter, 11 mm; depth, 6 mm) was created in the weightbearing area using proprietary devices (Arthro Kinetics, Krems/Donau, Austria).
Ex-vivo CPM protocol
After fixation of the knee specimens in a vertical position into the ex-vivo CPM device, test cycles through the whole range of motion were undertaken to align the mechanical axis of the stifle joints with the mechanical axis of the exvivo CPM device ( Fig. 1 ). Most rehabilitation programs recommend non-weightbearing in the early phase after cartilage restoration surgery [21, 22] , so the tests were done unloaded. Using press-fit-only fixation, the graft was implanted into the defect without additional material. For the press-fitting plus fibrin glue fixation, the area towards the bone and the surrounding cartilage rim was covered with 0.3 mL of Tissucol Duo (Baxter, Unterschleißheim, Germany). Plugs were considered to be sufficient if complete congruity with the surrounding cartilage rim was achieved and fitted exactly into the prepared defect. To moisten the articular surface and lower the friction, 5 mL of 0.9% sodium chloride solution was instilled into the intraarticular environment. Immediately after fixation, and again Fig. 1 Test setup using the ex-vivo CPM device. The porcine knee specimen is fixed in a vertical position after 2,000 motion cycles, standardised digital photographs were taken for analyses.
Graft evaluation
Gross stability of the graft was graded as "intact", "marginally detached", "partially detached", or "completely displaced" [23] . Marginal detachment was scored if a fissure was visible between the graft and host cartilage rim. Partial detachment was scored if the graft covered only a part of the prepared defect. In case of a completely empty defect zone, this was graded as graft displacement. Digital photographs obtained after 0 motion cycles and 2,000 motion cycles were transferred using image-processing software (QUIPS, Leica, Wetzlar, Germany). To further assess the effect of ACL integrity upon graft stability as well as the value of fibrin glue in an ACL-deficient knee, objective worn surface analyses were carried out using an edge detection algorithm in an interactive procedure. The worn surface area and the total area of the defect were measured in pixels; the percentage of worn surface was calculated from the ratio of the two measurements. The percentage of worn surface area represents graft stability, with the least worn surface area indicating superior graft stability. The areas of interest were traced by two independent observers.
Statistical analyses
The method of Blad and Altman was used to calculate interobserver correlation. Differences in graft stability per percentage of worn surface area were analysed by two-way ANOVA and post-hoc analyses. P<0.05 was considered significant. Additionally, the corresponding 95% familywise confidence intervals (CI) were calculated. All statistical analyses were carried out with R software (Foundation for Statistical Computing, Vienna, Austria, version 2.12.1).
Results
Good agreement between the two independent observers was found as indicated by 95% confidence intervals (CIs) ranging from -0.97 to 0.89. Therefore, the measured data from both observers were averaged. In specimens with an intact ACL, the mean worn surface area in specimens with an intact ACL (12.6%) was significantly less than ACL deficient specimens (23.2%) if using press-fit-only fixation, indicating superior stability (p00.01; 95% CI 1.85-19.43%). No significant differences in mean worn surface area between intact (11.4%) and ACL deficient knees (12.1%) could be observed if using the press-fit plus fibrin glue technique (p01.0; 95% CI -8.3% to 9.2%). In specimens of ACL-deficient knees, press-fit plus fibrin glue (12.1%) revealed significantly superior graft stability when compared with press-fit only fixation (23.2%) (p00.01; 95% CI 2.3-19.9%). The mean worn surface area as a percentage is shown in Fig. 2 . Representative photographs of the gross stability of cell-free collagen type-I gel are shown in Fig. 3 . The gross stability in each group is presented in Table 1 .
Discussion
In this study, the effect of the integrity of the ACL on the stability of a collagen type-I gel plug was tested. The results showed that ACL deficiency had a detrimental effect upon the early postoperative stability of a type-I collagen gel in terms of gross stability and mean surface area wear. However, these effects could (at least in part) be neutralised by the addition of fibrin glue into the graft fixation procedure. This addition reduced the degree of graft instability and surface area wear to levels similar to that observed in ACL-intact knees.
ACL rupture leads to altered kinematics of the knee joint and may compromise knee stability, resulting in chronic instability, recurrent injury and intra-articular disease [24, 25] . Biomechanical analyses have revealed a maximum load to failure of 2160±157 N for the ACL [26] . However, in healthy joints forces up to this amount can be largely compensated by an intact ACL and menisci. ACL deficiency may change the static and dynamic loading of the knee, resulting in increased forces on the cartilage [27, 28] . In the case of a cartilage repair procedure in an ACL deficient Fig. 2 Mean worn surface area of the grafts (%) with 95% confidence intervals after 2,000 motion cycles using press-fit only vs. press-fit+ fibrin glue fixation in knee specimens with intact ACLs vs. ACLdeficient knees knee, these forces may be transmitted to the repair tissue, and early postoperative graft stability could be affected. The results of our ex-vivo study showed that ACL deficiency leads to a greater worn surface area of the grafts compared with knee specimens with an intact ACL in short-term follow-up, and may ultimately produce detrimental long-term outcomes. These findings echo the recommendation that cartilage-repair procedures should be done only in stable knee joints to protect grafts from shear forces [25] . Surprisingly, the integrity of the ACL did not affect graft stability if press-fit plus fibrin glue fixation was used. In ACL-deficient knees, the latter procedure showed significantly higher stability, with 11.1% less worn surface area. One may speculate that fibrin glue provides additional stability to collagen gels, going some way to compensate for the deficient ACL. However, one cannot conclude that collagen type-I gel plugs should be used in ACL deficient knee joints, even if using additional fibrin glue for graft fixation. Chondral lesions suitable for tissue-engineered constructions diagnosed before ligament reconstruction can be treated in two stages: undertaking chondrocyte biopsy via arthroscopic means and carrying out combined surgery some weeks later. For smaller chondral lesions, bone-marrow stimulation procedures may be carried out simultaneously with ACL reconstruction in a single stage.
The coincidence of ACL rupture and cartilage lesions is well known, whereas cartilage damage can occur at the same time as injury or secondary to chronic instability. Articular cartilage lesions were found in 16-46% of patients with acute ACL injuries [29, 30] . In chronic ACL deficiency it has been reported to be as high as 77% [31] .
Some patients with cartilage lesions are asymptomatic with ACL deficiency. This indicates that ACL deficiency does not always infer functional impairment and instability as confirmed by the ACL-deficient coper [14] . Even in these patients, when treating the cartilage defect, there should be an indication for ligament reconstruction to protect the grafts [9, 10] .
The main purpose of ACL reconstruction is to: (i) reconstruct the kinematics; (ii) provide joint stability; (iii) prevent or delay joint degeneration. Even if ACL reconstruction can restore knee mechanics, an ACL-reconstructed knee is not a normal knee [32, 33] . The fate of the ACL graft on longterm follow-up remains unclear. Some data show that ACLinjured knees are at risk for degenerative changes at longterm follow-up whether the ligament is reconstructed or not [34, 35] . Biomechanical markers of turnover of bone and cartilage have been investigated in blood and urine to identify focal cartilage lesions from an early stage of osteoarthritis after injury of the human ACL [36] . Degeneration seems to be caused by intra-articular processes induced at the time of ACL injury, combined with long-term dynamic joint loading changes [37] .
We could not evaluate the effect of ACL deficiency upon long-term scaffold stability. We cannot say what happens with scaffolds with worn surfaces over time. The relevance of worn surface area is controversial. A peripheral worn surface has been reported after certain cartilage-repair procedures in stable knees [38, 39] , showing increased vertical shear stresses between repair and native cartilage with consequent micromotion and degenerative changes [40, 41] . However, worn surfaces alone do not have statistical effects upon functional Fig. 3 Gross stability of the cell-free collagen type-I gel after 2,000 motion cycles graded as (a) intact, (b) marginally detached, and (c) partially detached outcome in short-term follow-up [42] . Nevertheless, it has been suggested that long-term results are dependent upon sufficient joint surface congruity [43] . Partially or completely delaminated tissue engineered constructions can cause locking in the knee and poor outcomes [9, 11] . However, a comprehensive treatment to repairing cartilage lesions and ACL reconstruction hopefully will prolong optimal knee function [10] This study has some limitations. First, the availability of young human knees for test models is limited. Therefore, it is reasonable to use porcine test specimens [44] . Second, for mechanical testing, the model described here involved simulated uniplanar motion. Compared with the clinical situation, no force was applied by the muscles. The exvivo CPM device may therefore only partially simulate typical clinical applications. Even if ex-vivo models are important for assessing the effect of the integrity of the ACL on graft stability, in-vivo conditions might be even more important. For example, various studies have shown that several fluid components are believed to inhibit the integration of a cartilage construction into adjacent tissue [45, 46] . However, in-vivo evaluation is difficult. Third, no compressive load was applied to the test specimens. We are aware that this may have influenced the final results. However, the vertical orientation, the corresponding tibial cartilage, and the intra-articular fluid should have generated friction forces and shear forces on the gel that corresponded with the early postoperative period. Finally, with this experimental protocol, only short-term outcomes could be assessed. It would be better to evaluate the effect of ACL deficiency upon graft stability by long-term follow-up. However, these limitations can be seen as fruitful avenues for future research. Ex-vivo investigation may allow greater insight into the effect of ACL deficiency upon cartilage-repair procedures in vivo.
The study supports the importance of an intact ACL if using tissue engineered scaffolds for cartilage repair. Fibrin glue was shown to provide additional stability to the grafts compared to the press-fit technique in ACL deficient knees. However, due to the limitations of this ex-vivo study, we would recommend that tissue engineered scaffolds only be used in stable knee joints.
